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Thin films of the spin-crossover (SCO) molecule Fe{[Me2Pyrz]3BH}2 (Fe-pyrz) were sublimed on
Si/SiO2 and quartz substrates, and their properties investigated by X-ray absorption and photo-
emission spectroscopies, optical absorption, atomic force microscopy, and superconducting quantum
interference device. Contrary to the previously studied Fe(phen)2(NCS)2, the films are not smooth but
granular. The thin films qualitatively retain the typical SCO properties of the powder sample (SCO,
thermal hysteresis, soft X-ray induced excited spin-state trapping, and light induced excited spin-state
trapping) but present intriguing variations even in micrometer-thick films: the transition temperature
decreases when the thickness is decreased, and the hysteresis is affected. We explain this behavior in
the light of recent studies focusing on the role of surface energy in the thermodynamics of the spin
transition in nano-structures. In the high-spin state at room temperature, the films have a large optical
gap (∼5 eV), decreasing at thickness below 50 nm, possibly due to film morphology. C 2015 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4921309]
I. INTRODUCTION
Spin-crossover (SCO) molecules have been the object of
many studies1–4 since their discovery by Cambi and Szegö.5
This category of metal-organic complexes can undergo a spin
transition under the influence of external stimuli (tempera-
ture, light,6–11 ligand-driven,12 X-rays,13,14 pressure,15 mag-
netic field,16 and current and electric field17). The interest in
low-dimensional systems based on spin-crossover molecules
has recently seen a significant development,3,6,18,19 driven by
potential technical applications as displays, sensors and memo-
ries such as memristors,17 nano-sized cantilevers, and other
emerging applications.20
Fe{[Me2Pyrz]3BH}2 is a compound first reported in
196721,22 that exhibits a transition between a S = 0, low-spin
(LS) state form and a S = 2, high-spin (HS) state form. Its
molecular structure is illustrated in Fig. 1. Light-induced spin
state trapping effect (LIESST) has been observed on this
molecule23 in powder, as well as soft X-ray induced spin state
trapping effect (SOXIESST) that we have described more in
detail in a previous paper.13 The thermal transition exhibits a
hysteresis and a particular asymmetric shape: THS→LS = 174 K
and TLS→HS = 199 K. The origin of the asymmetric shape
is ascribed to a crystal phase transition.24,25 We attempted
temperature dependent X-ray diffraction (XRD) on Fe-pyrz
monocrystals but the crystals shattered when the temperature
was lowered below the spin transition temperature, which
supports a crystal phase transition, as phase changes might
exert physical strain on the crystal.
Few known SCO molecules survive a thermal evapora-
tion process in order to prepare high purity nano-objects.26
This work provides an overview of the characteristics and the
intriguing spin transition properties of a new addition to this
family, Fe-pyrz, making it an interesting prototype compound
for both scientific and industrial applications.
II. METHODS
A. Molecule: Synthesis and deposition
Fe-pyrz was synthesized using a method identical to the
one used in our previous study on the powder.13 The com-
pound was synthesized under Ar atmosphere by adding drop-
wise 2 mmol of the salt K[HB(3,5-(CH3)2pz)3]2 dissolved in
methanol (15 ml) to a methanolic solution containing 1 mmol
of Fe(BF4)2 · 6H2O (5 ml). After complete addition of the
K[HB(3,5-(CH3)2pz)3]2 solution, a white precipitate appears.
The precipitate was washed with methanol and dried under
vacuum, for a yield of 60%.
We then thermally evaporated Fe-pyrz under high
vacuum on clean Si(100)/SiO2 surfaces to see whether the
SCO properties are conserved upon sublimation. Addition-
ally, we wanted to check if the thermal hysteresis finds its
origin in residual impurities (for example, solvent), or if it
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FIG. 1. (a) Thermogravimetric analysis at ambient pres-
sure (air) of the compound noting the deposition tem-
perature used for thermal evaporation experiments, and
in the insert, a chemical drawing view of the Fe-pyrz
molecule. (b) XPS (Al Kα) elemental analysis of a
620-nm thick Fe-pyrz layer deposited on native SiO2.
The plot corresponds to the XPS spectrum before sput-
tering, and each peak is identified by its ground state
electronic orbital and a quantitative analysis.
is a property inherent to Fe-pyrz. We deposited thick Fe-
pyrz films by thermal evaporation (at 255 ◦C, temperature
determined by thermogravimetric analysis presented in Fig. 1)
on clean Si(100)/native SiO2 (named thereafter native SiO2)
and Si(100)/thermal 500 nm SiO2 (named thereafter ther-
mal SiO2) surfaces, and studied them by various analysis
techniques. Thicknesses were determined by X-ray reflectom-
etry and profilometry after a first estimation with a quartz
microbalance.
B. Characterization methods
Measurements of Fe-pyrz thicknesses were done in a class
100 clean room using a Veeco Dektak 150 surface profiler with
a vertical resolution of 5 nm. The atomic force microscopy
(AFM) experiments were performed with a Digital Instruments
Multimode scanning probe microscope in tapping mode. The
experiments were carried out in air and at ambient temperature.
The tips were nanosensors non-contact PointProbe Plus - Non-
Contact High Frequency silicon tips. The X-ray photoelectron
spectroscopy (XPS) measurements were carried out in an
ultrahigh vacuum (UHV) setup equipped with a VSW Class
WA hemispherical electron analyzer (150 mm radius) with a
multi-channeltron detector. A monochromated Al Kα X-ray
source (1486.6 eV; anode operating at 240 W) was used as
the incident radiation. The surface atomic ratio was calculated
by the Fe 2p, O 1s, N 1s, C 1s, and B 1s core level peaks,
properly normalized to the photoemission cross section and
assuming a homogeneous distribution of these elements on
the surface. XRD data for the powder were collected using
a Bruker D8 diffractometer equipped with a monochromatic
Cu Kα1 incident beam (40 kV, 40 mA, λ = 0.154 056 nm)
and a Sol’X detector. The structural properties of the films
were analyzed in the 5◦–40◦ 2θ range by means of a Rigaku
Smartlab X-ray diffractometer equipped with a monochro-
matic source (Ge(220) × 2) delivering a Cu Kα1 incident beam
(45 kV, 200 mA, λ = 0.154 056 nm). A systematic calibration
on the Si(400) peak was performed before each measurement.
Technical and practical limitations on the nature of the sam-
ples made the use of two XRD machines necessary. The X-ray
absorption measurements were carried out at the time resolved
experiments on materials with photoelectron spectroscopy
beamline of synchrotron SOLEIL.27 X-ray absorption spec-
troscopy (XAS) spectra were acquired in total electron yield
(TEY) mode. The Superconducting QUantum Interference
Device (SQUID) results were obtained using a SQUID-VSM
(Quantum Design MPMS-XL) magnetometer with magnetic
field values up to 7 T. The optical absorption and transmission
experiments were performed on a Perkin-Elmer Lambda 950
spectrophotometer. It allows the measurement of the absorp-
tion and transmission of UV-visible-near infrared light by thick
films or powders with a wavelength resolution of 1 nm. For
the thick films of Fe-pyrz deposited on quartz substrates, the
absorption and transmission were acquired, and for the powder
Fe-pyrz pressed between two quartz plates, the absorption
was acquired by measuring the reflectance with an integrating
sphere of 150 mm diameter.
III. RESULTS AND DISCUSSION
A. Thermogravimetric and XPS results: Film quality
The thermogravimetric analysis illustrated in Fig. 1(a)
exhibits a start of weight loss around 250 ◦C; therefore, we
selected a 255 ◦C deposition temperature in order to obtain
good deposition rates.
As the samples were not characterized in situ, it is possible
that the surfaces were contaminated by air during transport,
despite precautions. This is confirmed by the XPS spectra ob-
tained on samples deposited on native SiO2 substrates (Fig. 1):
they exhibit a peak at O-1s energy, which is a sign of contam-
ination by atmospheric species such as O2 and H2O, which
might induce oxidation of iron in the film. We rule out O from
the SiO2 substrate since we did not observe a Si-2p peak. We
tried to remove the topmost layers with a gentle Ar+ sputter-
ing, but despite previous successes with Fe(phen)2(NCS)2 (Fe-
phen),28 this treatment appears destructive to Fe-pyrz layers.
The results presented in Fig. 1 were acquired by XPS on a
thermal SiO2//620-nm thick sample. Referring to tabulated
atomic cross sections,29 we could obtain the atomic concen-
tration of the species reported in Fig. 1(b). In the quantitative
analysis provided, the first line states the atomic core level, the
second line the atomic concentration of the element expected
for Fe-pyrz in the layer, the third line the experimental con-
tent if we include oxygen, and the fourth line if we do not
include it.
If we neglect the oxygen contamination arising from the
sample transfer in air, the composition of the layer is the same
than that of bulk Fe-pyrz.
B. XRD results: Film structure
Typical XRD data for thin films and the reference powder
are presented in Fig. 2. The broad bump for 2θ ∼ 22◦ (respec-
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FIG. 2. (a) X-ray diffraction results for various Fe-pyrz thicknesses and sub-
strates, including the powder reference. All spectra were acquired at ambient
temperature. (b) is a zoom in plot of the 800 nm-thick sample on the thermal
SiO2, with a gaussian fit of the main peak, used to determine the size of the
crystallites using a standard Scherrer equation, and an adjusted spectra of the
powder sample to compare the position of the main peaks. (c) This plot is a
wider view of the crystallites size as a function of the thickness.
tively, 13◦) is characteristic of amorphous quartz substrates
(respectively, the sample holder). The powder presents a large
number of diffraction peaks in the region of interest that we
did not index in detail. The thin films have a leading diffraction
peak for 2θ ∼ 9.92◦, slightly shifted from the leading peak of
the powder (2θ ∼ 10.2◦), whose intensity qualitatively scales
with the film thicknesses. Moreover, the thickest film pres-
ents 2 peaks at 2θ ∼ 19.94◦ and 2θ ∼ 25.08◦ that do not have
counterpart in the reference sample. We therefore suggest that
the thin films are in a metastable structural organization. More
information is gained from the width of the diffraction peaks
using the Scherrer equation30 in order to extract the mean
crystallite size τ (Fig. 2). It is found that τ amounts to 50 ± 10
nm for films with thicknesses up to the micrometer range.
These values are slightly smaller though comparable to what
is found for reference powder (τ ∼ 70 nm), suggesting that
grain formation of nanometric length scale is a characteristic of
Fe-pyrz.
C. AFM results: Film structure and morphology
This crystallite formation is confirmed by AFM topogra-
phies of the surface as shown in Fig. 3. Contrary to thermally
deposited Fe-phen,28,31 Fe-pyrz does not exhibit a homoge-
neous growth on the surface: it forms clusters and crystal-
lites with a typical size 10-200 nm, in agreement with the
X-ray data.
At thicknesses below the grain size, the grains are isolated.
The formation of grains is a behavior already observed for
some other SCO compounds: even if the structure of the mole-
cules is very similar, they may adsorb differently on a surface.32
Therefore, it is difficult to precisely determine a thickness: the
“nominal thicknesses” indicate a quantity of matter deposited
on the surface rather than a number of successive layers. We
have determined this “nominal thicknesses” of the thicker
samples using profilometry and then extrapolated to the thinner
FIG. 3. AFM topographies and height
profiles acquired for 6 nm nominal
thickness (a) and (b) and 570 nm nom-
inal thickness (c) and (d) on thermal
SiO2.
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samples according to the deposition time. Under a nominal
thickness of approximately 30 nm, the grains on the surface
are then isolated.
For thicker samples, we surmise that there is a formation
of successive layers of ∼50 nm diameter crystallites, randomly
oriented but stacked vertically. Note that the organization of the
molecules can be different on metallic crystalline surfaces. We
hope that with crystalline surfaces, the layers would be more
homogeneous, but results by Mahfoud et al.33 on Fe(HB(pz)3)2
on Si/SiO2 that exhibit similar grains prompt us to be cautious.
Further studies are expected to clarify this point.
We can obtain more detailed information on the structure
of the grains deposited on the surface by image analysis of the
6 nm sample. The distributions represented in Fig. 4 reveal that
the crystallites are mostly elongated, and their growth is not
isotropic. A log normal fit34 of the distribution of mean radius
of individual gains (the mean distance between the borders of
the grain and its barycenter) provides us with a median size of
67 ± 13 nm which is compatible with the X-ray measurements
illustrated in Fig. 2. Nonetheless, the dispersion in size and
orientation is important.
D. Optical absorption results: Variation
of the electronic levels
The layer morphology impacts optical absorption on thick
films grown on pure quartz substrates, as illustrated in Fig. 5.
The absorption spectra reveal a low absorption in the visible
region, consistent with the white-pinkish color of the powder.
Absorption of the molecule is much larger in the UV region
and the spectra may be viewed as presenting an edge around
250 nm and a tail in the visible part, and thickness fringes for
thick samples.
A phenomenological optical band gap can be estimated
using Tauc plots: the Tauc formula35–38 establishes that
(αhν)n = B(hν − Eg) in the linear part of the Tauc plot, with α
= ln(1/T)/thickness the absorption coefficient, T the trans-
mission, Eg the optical gap, and B a parameter that gives a
measure of the disorder in the crystal.37 The exponent n can
have different values typically in the range of 0.5-3 depending
on the nature of the transition. We considered here n as a
phenomenological parameter and used a value n = 2 that
produces well defined linear sections when plotting (αhν)2 as
a function of hν (see Fig. 5(b)). We have chosen this method
because it is widely used for semi-conductors36,37 and organic
thin films,39–41 but in our case, we use it in a purely phenom-
enological purpose, to quantify and highlight the change in
energy levels, such as the one that shows up as a “shoulder”
in the absorption spectra (inset of Fig. 5(a)).
The use of different n values changes the gap by ∼0.3 eV
but does not modify the trend observed in Fig. 5.
The effective optical gap is about 4.0 eV for the powder,
increases continuously from ∼4.7 eV to ∼5.0 eV for thick
films (from 1200 nm to ∼140 nm), and drops to 4.8 eV when
we reach discontinouous films below a 60 nm thickness. We
believe that the smaller gap of the powder, and for films with
thicknesses above 140 nm, might be due to impurities intro-
ducing levels in the gap, impurities identified as trace fluor
from the reactants.42 The drop in the optical gap when reaching
discontinuous films is a clue of the persistence of interactions
between grains in continuous films.
E. SQUID results: Spin transition
The most important question is, however, how does the
spin state of thin films switch as compared to bulk samples?
This could give insights as the cooperativity mechanisms in
such nano-systems. To answer this question, we turn towards
SQUID measurements. As evidenced in Fig. 6, the hysteresis
and its asymmetry are preserved, and it appears that the spin-
transition temperatures shift towards lower temperatures as the
film thickness decreases.
This last effect was noted by Palamarciuc et al.,32 observed
but not pointed out by Naggert et al.6 in thin films, and
interestingly confirmed for nano-crystals by Boldog et al.43
and Martinez et al.44 The results we have obtained are in
accordance with theirs, as the nano-crystals also exhibit a
decrease in transition temperature. We also observe, like them,
a residual HS fraction particularly visible in Fig. 7 and a
relative decrease in cooperative behavior and a reduction of
the hysteresis, which confirms that the effects we are wit-
nessing find their origin in the grain size and environment
FIG. 4. (a) Graph of the maximum dimension of the grain (or length) as a function of the minimum dimension of the grain (width). (b) Distribution of the mean
radius (mean distance between the border of an individual grain and its barycenter) with a log normal distribution (red).
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FIG. 5. (a) exhibits the absorption spectra for selected thicknesses of Fe-pyrz deposited on quartz substrate and for the quartz substrate itself, with the absorption
on a log scale. The undulation after 300 nm for the thicker films is attributed to interferences. The inset exhibits a zoomed-in portion of the wider plot with
selected thicknesses, with an arrow indicating the position of the “shoulder” for decreasing thicknesses. (b) Representation of the effective optical gap (the Tauc
plot) for the 12-nm-thick film (black) and the fit of the linear part (red) used to extract the phenomenological optical gap (the Tauc gap). (c) represents the
thickness variation of the phenomenological optical gap deduced from the Tauc plots. (d) is a zoom in fraction of the whole bottom plot, focusing on the break
at low thicknesses.
of Fe-pyrz nano-crystals. It could be also due to the alter-
ation of the layer by air, as stated previously: more studies
will be necessary to understand the full extension of this
feature, as we have not yet been able to obtain an acceptable
signal/noise ratio for thinner samples. Interestingly, this effect
goes in the opposite direction for the well-known Fe-phen,
which is observable although not mentioned in our previous
study.28
Also, we have to report two difficulties inherent to such
measurements that have a strong impact on our SQUID results
of the films: the evaluation of the quantity of molecules in the
film and the diamagnetic influence of the substrate. Despite
careful measurement of the diamagnetic background of the
native SiO2 substrates after cleaning the substrate with acetone
and ethanol from deposited molecules, it is indeed possible that
the results are affected by this issue.
In order to provide additional comparison, we have
dispersed the powder sample in an alcane glue (eicosane,
C20H42), and the results exhibit a similar spin-transition tem-
perature shifted towards lower temperatures as in thick films.
This suggests a significant influence of the environment of
Fe-pyrz on the spin transition, as eicosane glue adds another
interaction between the particles and the matrix.45
Regarding nano-sized monocrystals, recent studies have
suggested that the change in transition temperature is in fact
due to differing surface tensions for both spin states of the
molecule, reducing the transition temperature and the hyster-
esis.46,47 This can also explain the different behaviors of
FIG. 6. The (a) plot presents SQUID magnetic suscep-
tibility results for two thick films thicknesses (570 nm
and 1200 nm on native SiO2) compared to the powder
reference, with the arrows identifying the direction of
the temperature sweep. The molecules exhibit a shift in
spin transition temperature towards lower temperatures
with decreasing thicknesses. The (b) plot presents the
results for the powder, in this specific example dispersed
in eicosane (purely alcane) glue.
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FIG. 7. (a) XAS spectra of the Fe-pyrz Fe L-edges
for the powder reference (HS acquired at 245 K and
LS at 80 K) and the 100 nm thin film, normalized to
the same integral, for temperatures above and below
the spin-transition temperature. The ambient temperature
spectra are clearly similar, while the low temperature thin
film spectra visibly retain an estimated 24% HS-state.
(b) XAS Fe L-edge spectra acquired on Fe-pyrz thin-film
for different X-ray illumination times of the sample at
∼50 K. Due to the SOXIESST effect, the HS-state pro-
portion increases.
Fe-phen and Fe-pyrz: the surface tensions of the LS molecule
are higher than that of the HS molecule for Fe-pyrz, and the
contrary for Fe-phen, which favor the HS state at the interface
for Fe-pyrz, and the LS state for Fe-phen. The results exhibited
in Fig. 6 offer an experimental confirmation to these theoretical
insights.
We suggest that the relative high thickness at which we
observe this shift might be due to a two-level cooperative
behavior: between the molecules inside a grain and between
the grains inside a layer. Indeed, as the spin transition in Fe-
pyrz has been suggested to trigger a phase transition that can
shatter a monocrystal, we believe that it is possible that the
pressure exerted by grains on each other might alter the spin-
transition temperature. With this in mind, we should consider
the contribution of interface particles compared to the bulk:
at a conservative estimate of 50 nm-particle size, the contri-
bution of interface (with the surface and with the substrate)
particles is ∼8% for the 1200 nm sample and 18% for the
570 nm sample, which could explain the difference between
the HS → LS transition temperatures of 153 K and 144 K,
respectively.
F. XAS results: Spin-transition completeness
Further information on the layers can be obtained by XAS,
with the TEY acquisition mode, a technique that is particu-
larly adapted to the study of SCO thin films.13,48 By compar-
ing in Fig. 7(a) the reference spectra acquired with the pow-
der sample and the thick-film sample spectra at 100 K and
300 K, we can observe two points: (a) the spectra change
from LS-type to HS-type,13,49,50 indicating a spin transition;
(b) the spin transition is not complete at low temperature, as
part of the thick-film sample (∼20%) seems “HS-pinned” and
do not switch. This behavior is known among spin-transition
compounds and is believed to arise from the interaction with
the surface.31,51 The spin transition seems preserved. More-
over, the HS-state proportion might increase compared to the
LS-state proportion when applying X-rays at low temperature
due to the SOXIESST as described recently for such systems.13
This is illustrated in Fig. 7(b) that shows a slight increase of the
HS contribution at 50 K when the exposure time of the film to
X-rays increases from 5 to 15 min.
G. XAS results: Light and soft X-ray induced spin
transition
Another route to trigger the spin transition is the optical
excitation at low temperature of LS state Fe-pyrz to a meta-
stable HS state via the LIESST effect.6,10,52 Typically for most
Fe2+ systems, the LS → HS transition is obtained for light
excitation in the UV-blue wavelength, whereas the reverse tran-
sition HS → LS takes place for longer wavelength (∼600 nm).
In order to study this effect, we measured the time dependence
of Fe L3 XAS spectra using the procedure described in Ref. 13.
Fig. 8 shows that optical excitation leads to slow dynamics
(i.e., on minute time scales) toward the HS state, though the
transition remains incomplete even at high light intensity. In
addition, the laser illumination seems much more efficient than
the diode. This might be due to (i) the opposing processes of
relaxation and excitation in a low-cooperative environment, a
phenomenon that was already noted in the bulk form when
comparing to Fe-phen,13 and/or to (ii) the presence of reverse-
LIESST due to the wide excitation spectra delivered by the
light emitting diode (LED) compared to the laser, and/or to
(iii) local heating by the laser, and/or (iv) the presence of “LS-
pinned” molecules in the thin film.
For qualitative purposes, we provide the parameters of a fit
of the two LIESST time dependencies based on the procedure
FIG. 8. (a) LIESST effect within a probed region of
Fe-Pyrz 100 nm thin film, acquired while irradiating the
sample with white LED or Ti:sapphs pulse laser (50 mW,
estimated 100 fs pulse). Irradiating with the laser results
in a more abrupt phenomenon with higher level of satu-
ration than with the LED. (b) Reversible HS proportion
switching of Fe-Pyrz thin film by successively turning
the laser on and off.
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described in Ref. 13. The dynamics of the system regarding
LIESST and SOXIESST seems slow enough to be investigated
conjointly, which open perspectives, for example, Fig. 8(b),
present the results of LIESST by the laser on a thin film already
partially excited (45%) by SOXIESST.
However, as we have already discussed in our previous
study,13 quantitative dynamics results and especially meaning-
ful comparison between studies require careful assessment of
light and X-ray illumination parameters (wavelength, intensity,
and beam structure), and since our previous study was held
with different parameters, we cannot quantitatively compare
thin film and powder dynamics. Combined with the particular
transition properties of Fe-pyrz thin films, the LIESST effect on
Fe-pyrz thin films opens perspectives for the use of the system
as switches or sensors.
IV. CONCLUSION AND PERSPECTIVE
We have deposited Fe-pyrz onto Si/SiO2 substrates for the
first time. Contrary to the previously studied Fe(phen)2(NCS)2,
the films tend to form crystallites rather than continuous films.
A possible consequence of this behavior is the decrease of
the optical gap below 50 nm. The thin films qualitatively
retain the typical characteristics encountered in powder sam-
ples (spin-crossover, hysteresis, SOXIESST, and LIESST) but
present intriguing variations: the transition temperature de-
creases when the thickness is decreased, and the hysteresis
is affected. The molecules (respectively, nanocrystals) at the
surface of low-dimensional spin transition systems behave
differently as the molecules (respectively, nanocrystals) in the
bulk of the grain (respectively, layer), giving rise to a different
macroscopic spin transition behavior. It is difficult to exactly
model the change applicable to our system based on the simple
equations used in these works, since the spin transition of Fe-
pyrz is asymmetric and still not fully understood, but what
is particularly unexpected is the high nominal thickness at
which it is still possible to observe the effect, compared to
theoretical work on surface tension effects in SCO molecules.
We surmise that this is due to the nanocrystalline growth of
the molecule on our substrate: the dimensions of individual
crystals seem to be small enough to maintain a high surface
area, and therefore a significant decrease in the spin-transition
temperature. We suggest that the cooperative behavior happens
not only between the molecules in a grain but also between
grains in a film. This dependence of the transition temperature
on the thickness of the layer that still presents a significant
effect at high thicknesses can easily be harnessed to use in
organic spintronic devices, such as heat sensors.42
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